In a greenhouse experiment, seedling survival of two oak species (Quercus rugosa and Q. laurina) was greatly affected by the excision of cotyledons 1 mo after germination, with a greater impact on Q. laurina. The effect of seed size was also significant for both species, with a positive correlation between seed mass and survival and growth. The effect of cotyledon excision on seedling growth persisted throughout the first growing season in Q. rugosa and was not analyzed for Q. laurina due to the low number of seedlings that survived cotyledon excision. Seed size significantly affected seedling height, diameter, leaf area, and biomass at 6 mo. Seed size and cotyledon retention affected the ability of Q. rugosa to recover from herbivory, as both factors had a significant effect on relative growth rates after aerial biomass removal. The results show that seedlings originating from large seeds can better endure loss of cotyledons and aerial biomass and thus are better equipped to confront stress early in their lives.
The role of seed size in seedling performance has received considerable attention (Foster, 1986; Mazer, 1989; Seiwa and Kikuzawa, 1991; Westoby, Jurado, and Leishman, 1992) . The wide differences in seed size among species have been related to the ecological conditions in which plants establish, with species from open habitats having lower average seed mass than species from more closed habitats (Salisbury, 1942 (Salisbury, , 1974 Foster and Janson, 1985; Mazer, 1989 ; but see Kelly and Purvis, 1993) . Large-seeded species also have an advantage in competitive environments (Gross, 1984) and when seedlings experience defoliation (Armstrong and Westoby, 1993) , shade (Leishman and Westoby, 1994) , or moisture stress (Baker, 1972) .
Some of the patterns detected in comparisons among species are also found within species. In four of five species studied, Werner and Platt (1976) showed that populations in an open community had smaller seeds than those in a more closed community. Wulff (1986) showed that seedlings of Desmodium paniculatum from large seeds were favored in the early stages of growth in a dry, disturbed site. McWilliams, Landers, and Mahlstede (1968) suggested that large seed size was advantageous for Amaranthus retroflexus in the short growing seasons characteristic of high latitudes, although Schimpf (1977) argued that moisture availability was more important than length of the growing season, due to the increased capacity of seedlings from large seeds to establish roots in deeper soil horizons. Safe-site requirements of small seeds are more restrictive than those for larger seeds in 1 Manuscript received 15 April 1996; revision accepted 29 June 1997. The author thanks Jose Luis Castillo and Víctor Peña for their invaluable help during the experiment; T. Crow, E. Ezcurra, G. Furnier, C. K. Kelly, M. Westoby, and an anonymous reviewer for comments that improved the manuscript; E. Alvarez-Buylla, A. Flores, A. Orozco, K. Oyama, and J. Soberón for useful suggestions; and E. Alvarez-Buylla, L. Eguiarte, A. Orozco, and J. Soberón for use of their facilities.
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Prunella vulgaris (Winn, 1985) and a positive relationship among seed size and seedling establishment and growth has been reported in a variety of species (Weis, 1982; Stanton, 1984; Weller, 1985) , including oaks (McComb, 1934; Tecklin and McCreary, 1991) . Intraspecific studies of wild species are critical for gaining an understanding of the ecological significance of seed mass, but in oaks there have been few attempts to explore the relationship between seed size and the performance of seedlings under a variety of ecological conditions (Tripathi and Kahn, 1990) . Oaks are frequently dispersed by jays and small rodents, which are also their main seed predators (Mellanby, 1968; Shaw, 1968; Darley-Hill and Johnson, 1981; Jensen and Nielsen, 1986; Quintana-Ascencio, González-Espinosa, and Ramírez-Marcial, 1992) . It has been argued that the rapid germination (nondormancy) and establishment of white oaks allow escape from postdispersal seed predation, since they permit the seedling to escape seed recovery by caching animals (Barnett, 1977; Fox, 1982) . However, the probabilities of survival and continued growth of a seedling after detachment of the acorn (cotyledons) may be affected by the amount of reserves originally available to the seedling. Herbivory, frost, drought, and pathogens are other common challenges facing a seedling early in its life and its ability to cope with them is likely affected by the presence or absence of cotyledons, the size of the seed from which it originated, and the time elapsed since germination.
Although Mexico has the world's greatest oak diversity (around 200 species; Bonfil, 1993; González-Rivera, 1993; Nixon, 1993) , very little is known about their ecology. Quercus rugosa (subgenus Leucobalanus) is a 15-20 m tall tree, widely distributed in Mexico, that frequently coexists with Q. laurina (subgenus Erythrobalanus), a 15-30 m tall tree (González-Villareal, 1986; Bello and Labat, 1987) . Both species are abundant in the [Vol. 85 AMERICAN JOURNAL OF BOTANY fast-disappearing woodland areas of the hills south and southwest of Mexico City and can be found in pure oak stands or intermingled with pines at higher elevations. Natural regeneration of these species is impeded in this area by predation of germinated acorns and removal of part or all of the shoot by rabbits and small rodents (C. Bonfil, unpublished data), although other factors, such as changes in the disturbance pattern of the stand, may also play a role.
In this study I evaluate the effects of seed size and presence or absence of cotyledonary reserves on survival and growth of seedlings of Q. rugosa and Q. laurina, in the presence and absence of simulated herbivory. My objectives were to determine (1) whether differences in the ability of 1-mo-old seedlings to survive detachment of cotyledons are related to seed size, (2) whether reserves remaining in the cotyledons at this moment still contribute to survival and further seedling growth, (3) the interaction of herbivory and seed size on seedling survival and growth, and (4) the consequences of cotyledon removal on the response of the seedlings to simulated herbivory.
MATERIALS AND METHODS
During January 1993, acorns were collected from below six different trees each of Q. rugosa and Q. laurina at an elevation of ϳ2600 m in the Parque Ecológico de la Ciudad de México in the Ajusco Hills. The sampled trees were all taller than 10 m, with well-developed crowns and located in semi-open forest patches, where it was unlikely that I would find acorns of other trees below the sampled trees. The seeds were floated in water to separate viable seeds from those that were parasitized (mainly by curculionids). Each viable acorn was marked with a number and its individual mass recorded. A subsample (N ϭ 62 for Q. rugosa, N ϭ 54 for Q. laurina) was oven dried for 48 h at 80ЊC and used to evaluate the relationship between fresh and dry mass and the proportion of dry mass attributable to cotyledons. Histograms of fresh mass data of all the seeds (1185 for Q. rugosa, 1075 for Q. laurina) were used to assign each seed to one of three size categories, small (Ͻ1.5 g), medium (1.5-2.5 g for Q. rugosa, 1.5-2.0 g for Q. laurina), and large (Ͼ2.5 g for Q. rugosa, Ͼ2.0 g for Q. laurina) within each species.
In May 1993, the seeds were soaked for 24 h in a 1 g/L giberellic acid solution, which had been shown to synchronize germination in previous trials. Seeds were then placed horizontally on trays containing agrolita (a porous inert material that retains moisture). Every other day the trays were watered and the seeds inspected to record the date of germination, which was defined as the day when the radicle reached 0.5 cm in length.
Two weeks after germination, the agrolita was carefully rinsed off the roots and seedlings were transplanted to black plastic bags (24 cm long, 10 cm diameter, with drainage holes) filled with homogenized soil from the study site. Two weeks later, when seedlings were 1 mo old, each member of a given seed size class was randomly assigned to one of six experimental treatments. This gave a total of 18 treatments, with the three factors considered being seed size (small, medium, and large), level of simulated herbivory (0, 50, or 100% of shoot length removed) and removal of cotyledons (presence-absence). These levels of herbivory are frequently observed in nature, and in both cases (50 and 100%) usually entail a complete loss of leaf area, because the young, tender leaves are concentrated on the upper half of the shoot. In this study, the 100% herbivory treatment entailed cutting the shoots 2 cm above the soil.
Cotyledon excision and simulated herbivory were applied simultaneously. The time of treatment application was chosen because previous trials had shown that earlier detachment of cotyledons causes death of seedlings, and in nature acorn removal is most likely soon after germination, while it is still attractive and nutritious. At this moment all seedlings had completed their first burst of shoot elongation and had expanded leaves, which indicated relative homogeneity of developmental stage among seedlings (Hanson et al., 1986) at the time of treatment, although there was some variation in the completion of leaf elongation.
This design allowed assessment of the impact of shoot removal on survival and growth of seedlings coming from different seed sizes and to evaluate the role played by the remaining cotyledonary reserves in the presence and absence of herbivory. As oak germination is hypogeal there are no confounding effects of any contribution from cotyledonary photosynthesis.
Twenty-five seedlings of Q. rugosa were assigned to each of 18 treatment combinations. Due to poor germination, only 17 Q. laurina seedlings were available for each treatment. During application of treatments, shoot height and number of leaves were recorded and those seedlings that kept their cotyledons were superficially unearthed and reburied in the same way as those from which cotyledons were removed. The black plastic bags were covered with white plastic bags to avoid excessive heating by the sun and seedlings were placed in a nursery covered with green plastic mesh that provided shade and allowed rainwater to pass through. Seedlings were placed on wire-mesh tables in a completely randomized design, with a border row of extra seedlings around each table to minimize edge effects. Rainfall was supplemented by watering to maintain the soil moist.
Starting on 15 July (3-4 wk after application of treatments), seedling height and total number of leaves were recorded twice a month and the length of each leaf was measured once a month. Total leaf area was estimated by means of a previously developed regression of leaf area vs. leaf length (r 2 ϭ 0.917, N ϭ 93 for Q. rugosa and r 2 ϭ 0.963, N ϭ 183 for Q. laurina). Seedlings were harvested at the end of November 1993, 5 mo after treatments, and total shoot length, basal diameter, and leaf area were measured (leaf area meter, Delta T Devices, Cambridge, UK). Seedlings were oven dried for 48 h at 80ЊC and each seedling part (root, shoot, and leaves) was individually weighed. The total growth period of 6 mo corresponds to the normal oak growing season at the collection site.
Mean seed masses of the two species were compared by a t test. The relationship between seed fresh and dry mass of each species was examined by regression. Data on survival were analyzed by means of logit analysis for binomial data (i.e., proportions), using the GLIM 3.77 statistical package (Crawley, 1993) . By using a logit transformation (p/q; where q ϭ 1-p) of p (in this case proportions surviving), the model linearizes the observed values of the proportions and relates each observed value to a predicted value. The latter is obtained by the logit transformation of the value emerging from the linear predictor, which is a linear sum of the effects of one or more explanatory variables.
Data on size of seedlings coming from different seed sizes were compared before treatments were applied by means of a Kruskal-Wallis test. Variables measuring final size and biomass of each seedling part were analyzed by means of ANOVA. MANOVA was used to examine the three biomass response variables (root, shoot, and leaves). When necessary, data were transformed in order to fulfill the requirements of homoscedasticity for the ANOVAs. Relative height growth rates (RGR) were analyzed to control for differences at the moment of treatment application.
RESULTS
Seed mass-The two species differed significantly (t ϭ 6.25, P Ͻ 0.001, N ϭ 1185 for Q. rugosa, N ϭ 1075 for Q. laurina) in their mean seed masses. Although the magnitude of the difference was small, the range of variation of seed sizes was quite different in the two species (Fig. 1 , mean ϭ 1.99 g, SD ϭ 1.14 for Q. rugosa and mean ϭ 1.75 g, SD ϭ 0.48 for Q. laurina). There was a strong correlation between acorn fresh and dry masses for both species (r 2 ϭ 0.998 for Q. rugosa, r 2 ϭ 0.997 for Q. laurina), as well as between total fresh mass and cotyledon dry mass (r 2 ϭ 0.995 for Q. rugosa, r 2 ϭ 0.992 for Q. laurina), allowing me to consider seed fresh mass as a good indicator of the amount of reserves available for seedling growth. Additionally, it has been shown in other oaks that there are high correlations between seed size and contents of ash, energy, and storage compounds (Triphati and Kahn, 1990) . The embryo (including cotyledons) accounted for a high proportion of total seed dry mass (53-75% for Q. rugosa, 53-68% for Q. laurina).
Seedling survival-Seed size had a clear effect on survival of Q. rugosa, with seedlings from large seeds having the highest and seedlings from small seeds the lowest survival (Table 1) . Within each size class, survival was lowered by removal of the cotyledons and by increasing levels of shoot removal. The effects of cotyledon removal, seed size, and herbivory were highly significant (P Յ 0.001 for all three cases), and the interactions between these variables were not (P Ͼ 0.4 in all cases).
It is necessary to note here that, because logistic models are bounded by zero and one, the effect of a given change of the independent variable on the dependent variable (probability of survival) is nonlinear, increasing when the values of the dependent variable are most distant from their upper and lower asymptotes (zero and one, respectively). Accordingly, the fitted logistic model predicts a quantitatively larger effect of cotyledon removal on small-seeded seedlings, where survival is expected to drop 17% (from 0.98 to 0.81) as a result of the removal, while the predicted drop in large-seeded seedlings is only 0.8% (from 0.999 to 0.991). Likewise, the effect of the highest level of herbivory was quantitatively larger on small-seeded seedlings, where survival drops 13% as a result of biomass removal, while the drop in large-seeded seedlings is only 0.6% (Table 1) . Thus, in spite of the absence of statistically significant interactions in the logistic model, the biological effects of both herbivory and cotyledon removal display a strong synergism in smallseeded seedlings.
In contrast to Q. rugosa, cotyledon loss caused greater mortality in Q. laurina and seed size did not compensate for this loss (Table 1 ). The effects of seed size (P ϭ 0.052) and cotyledon removal (P Ͻ 0.001) were significant, with the predicted drop in survival due to cotyledon loss 60% in both large and small-seeded seedlings (Table  1) . Herbivory (P ϭ 0.12) and the interactions among variables were not significant (size ϫ herbivory P ϭ 0.31; size ϫ cotyledon P ϭ 0.24; herbivory ϫ cotyledon, P ϭ 0.08). Results for Q. laurina must, however, be treated with caution because some seeds and seedlings showed evidence of pathogen attack (probably a fungus), reducing survival even in seedlings from the control group. Most mortality in both species occurred during the 1st mo after the application of treatments and those seedlings unable to resprout after 4 wk soon died.
Seedling growth-Quercus rugosa-The effect of seed size on height was evident throughout the growing season, regardless of the level of herbivory. At the moment of application of treatments, there were already significant differences in height (Kruskal-Wallis H ϭ 14.45, P ϭ 0.007) and number of leaves (H ϭ 19.37, P ϭ 0.001) between seedlings coming from different seed sizes. Leaf development was greater in seedlings from medium and large seeds (median ϭ 5 leaves) than from small seeds (median ϭ 3 leaves).
Herbivory, as expected, resulted in a pronounced reduction in height in all cases, and seedling height was further reduced by the removal of cotyledons. Without herbivory, loss of cotyledons did not have a very pronounced effect on height, except for a small reduction in seedlings from small seeds. In seedlings with cotyledons, height was similar between those that lost 50 and 100% of their shoot, but differences between these herbivory levels were greater in seedlings from small and medium seeds without cotyledons ( Fig. 2A-C) .
Seed size, herbivory, and cotyledons, as well as all second-order interactions, had a significant effect on RGR (Table 2 ). This analysis excluded seedlings without herbivory, due to differences in variability in the response of seedlings with and without herbivory. In general, seedlings with 100% herbivory had higher RGRs than those with 50%, and RGRs increased with seed size. The lack of cotyledons caused a reduction in RGRs in all cases, although this reduction was smaller in seedlings from large seeds. Differences between seedlings with and without cotyledons were more pronounced in the 100% herbivory treatment than in the 50% shoot loss.
There was a highly significant effect of the three factors on final shoot height, leaf area, basal diameter, number of leaves, and mean area per leaf (Table 3 ). The herbivory ϫ cotyledon interaction was significant for almost all of them, due to the fact that the effect of increasing levels of herbivory was amplified by the absence of cotyledons. The seed size ϫ herbivory interaction was significant in some cases, while the seed size ϫ cotyledon interaction was not in most cases. The third-order interaction, significant in two cases, is difficult to interpret.
The conspicuous effect of herbivory on shoot height persisted until the end of the experiment, with seedlings that suffered 100% herbivory half the final height of those without herbivory. It also reduced leaf area in all seed sizes, although little difference was observed between 50% and 100% herbivory (Fig. 2D-E) . In largeseeded seedlings that kept their cotyledons there was a noticeable recovery in leaf area towards the end of the growing season. The effects of herbivory were always mitigated by the presence of cotyledons, with 50-150% more final leaf area relative to seedlings without cotyledons.
Cotyledon retention had the largest influence on both total leaf area and mean area per leaf, while herbivory affected total leaf area more than individual leaf area. Seedlings that suffered herbivory and lost their cotyledons generally had the fewest leaves. Herbivory caused a greater reduction in the diameter of seedlings coming from small seeds than from the other seed size classes.
MANOVA showed that the three variables studied had highly significant effects on the biomass (dry mass) of the various seedling parts (P Ͻ 0.0001). ANOVAs were then carried out to analyze their effects on the biomass of each seedling organ (Table 3) , with all three variables having a significant effect on total, root, shoot, and leaf dry mass. In all cases, the most conspicuous effect was due to cotyledon retention, followed by herbivory and seed size. The seed size ϫ herbivory interaction was significant in all cases, due to the greater impact herbivory had on dry mass of small-seeded seedlings. Mean total dry mass responded in a manner similar to that of seedling parts. In general, the two levels of herbivory had a similar effect, but were clearly different from the control group (Fig. 3) . There was also a trend for the effect of cotyledon retention to be more conspicuous when herbivory occurred.
The proportion of dry mass accounted for by the root (root mass ratio) in seedlings that did not experience herbivory differed significantly with seed size (small ϭ 0.47, medium ϭ 0.48, large ϭ 0.53, F ϭ 5.2, df ϭ 2, 81; P ϭ 0.007). The presence or absence of cotyledons did not affect this relationship.
Quercus laurina-The low number of seedlings surviving in treatments where cotyledons were detached did not allow a sound comparison between the growth parameters of seedlings with and without cotyledons, so comparisons were made only among those treatments with cotyledons. As with Q. rugosa, 1 mo after germination there were already significant differences in height (Kruskal-Wallis H ϭ 12.39, P ϭ 0.002) and leaf number (Kruskal-Wallis H ϭ 7.48, P ϭ 0.24) among seedlings from small, medium, and large seeds.
Differences in height due to herbivory were maintained in seedlings of the three size classes throughout the growing season. Relative height growth rates were not significantly affected by seed size nor by the seed size ϫ herbivory interaction (Table 2 ; Fig. 4A-C) . The growth plots for seedlings without cotyledons, although produced with small sample sizes, suggest that cotyledon loss had a great impact on both seedling height and leaf area, as was the case for Q. rugosa (Fig. 4C, F ). Due to a high variability of shoot height in this species, the homoscedasticity requirement could not be fulfilled and this variable was not analyzed by ANOVA.
Final leaf area and basal diameter were both significantly affected by seed size and herbivory (Table 4 , Fig.  4 ). Total number of leaves was significantly affected by seed size, while mean area per leaf was affected by herbivory. Seedlings from large seeds had an average of 3.5 more leaves than seedlings from small-or medium-sized seeds and those without herbivory had larger leaves.
MANOVA of biomass data of the various seedlings parts showed a significant effect of both seed size and herbivory (P Ͻ 0.0001). The individual ANOVAs showed that, with the exception of shoot mass, seed size was more important than herbivory in the biomass attained at the end of the season, although both variables had significant effects on almost every seedling part (Table 4). The strong effect of herbivory on shoot mass, as on height, indicates that seedlings are unable to recover from loss of aerial tissue in one growing season.
Seedlings from large seeds had a clear advantage in most cases, while there were not always differences between seedlings from small-and medium-sized seeds. Herbivory resulted in a clear decrease in total dry mass. Seed size did not have a significant effect on root mass ratio in this species.
DISCUSSION
Differences among species in average seed mass were relatively small, but the results agree with the reported tendency for white oaks (subgenus Leucobalanus) to have larger seed sizes than red oaks (subgenus Erythrobalanus) (Sork, 1993) . The variation in seed size found in Q. rugosa was large, even though only within-population variation was examined. In the Ajusco Hills, this species has a wide distribution, whereas Q. laurina occupies more protected, humid sites with well-developed soils. The variation in seed size may give Q. rugosa the ability to establish in a mosaic of microsites with different physical and biotic conditions, thus broadening its regeneration niche (sensu Grubb, 1977) .
Survival was greatly reduced by cotyledon removal in both species, demonstrating that the reserves remaining in the seed 1 mo after germination still contribute to seedling survival. Survival after cotyledon excision was higher in Q. rugosa than in Q. laurina, indicating a more extended dependence on these reserves in the latter.
My results have implications for the hypothesis of nondormancy as a means of escaping postdispersal seed predation, as the probabilities of surviving cotyledon detachment are significantly higher in large-seeded seedlings. Predators would prefer to excise the cotyledon as early as possible, before its food reserves are consumed by the seedling. However, early excision of the acorn greatly reduces the chances of a successful escape. For the species considered here, previous trials showed that seedlings are unable to survive if cotyledons are removed 7-15 d after germination (C. Bonfil, unpublished data). For most species, we do not know the time required to attain complete independence from cotyledonary reserves, both in terms of survival and growth, a factor that could have ecological relevance.
In both species there is a clear effect of seed size on seedling growth, both initially and at the end of the growing season. In Q. rugosa the effects of seed size and cotyledon retention become more important when seedlings suffer herbivory. Higher relative height growth rates are associated with cotyledon retention, and the consistent increase in RGRs with seed size both in seedlings with and without cotyledons shows the importance of having a large supply of reserves at germination. [Vol. 85 AMERICAN JOURNAL OF BOTANY The removal of 50% of the shoot resulted in the loss of most leaves and frequently produced shoot dieback. This, combined with the higher subsequent RGR of plants in the 100% shoot loss treatment, resulted in both levels of herbivory having similar final sizes and biomasses (Figs. 2-4) . In nature, total removal of the shoot by herbivores is more frequent. Growth was generally reinitiated from lower buds, often resulting in the development of two new branches. This pattern is common in oak seedlings (Crow, 1988) and branches of oak trees (Heichel and Turner, 1984) , which form more lateral branches as a result of defoliation (Hilton et al., 1987) .
In Q. laurina, seed size significantly affected seedling sizes 1 and 6 mo after germination, weakly affected survival, and did not affect RGR between 1 and 6 mo. This suggests that differences among seed size classes in height at 6 mo are determined principally in the 1st mo.
The relationship between seed and seedling size in oaks has been described before (McComb, 1934; Triphati and Kahn, 1990; Tecklin and McCreary, 1991) . My study shows that in Q. rugosa the capacity of seedlings to recover from herbivory is mediated by seed size, since the decrease in number of leaves, diameter, and total dry mass of seedlings that suffered herbivory diminished with increasing seed size. Nevertheless, differences in height and biomass between uncut seedlings and those that suffered artificial herbivory were maintained until the end of the study period. Welker and Menke (1990) also found that severely defoliated Quercus douglasii seedlings did not accumulate biomass to levels that approached nondefoliated seedlings.
The fact that seed size has an effect even when cotyledons are excised shows that 1 mo after germination, differences in supply are already evident and have important consequences for the seedlings. This reinforces the view that in oaks the seed reserves are quickly directed to the root (McComb, 1934; Grime and Jeffrey, 1965) , where they remain available for seedling resprout (Matzuda and McBride, 1986; Crow, 1988; Walters, Kruger and Reich, 1993) after disturbance-caused death of aerial biomass. The positive relationship found between seed size and root mass ratio also supports this idea, although it was found only in Q. rugosa. In this species root biomass was reduced by herbivory, a fact that may reflect the utilization of stored reserves in the production of a new shoot. Parker and Patton (1975) found that defoliation of Quercus velutina seedlings caused a depletion of the starch reserves in the roots.
In an environment where the aerial biomass of young oak seedlings is frequently lost due to the action of herbivores and/or harsh climatic conditions, seed size plays an important role in determining which individuals will prevail. However, given the large intrapopulation variation in seed size, other ecological factors, such as dispersal, seed predation, and water relations may confer an advantage to different seed sizes (Stanton, 1985) . Safesite requirements could also differ for seeds of different sizes. The study of different groups of species would yield important insights into the adaptive significance of seed size in diverse ecological contexts and also help to evaluate the relative contributions of historic and ecological factors to the responses observed.
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